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ABSTRACT

Staphiylococcal onterotoxin B exhibited a high dogree of
molecular homogeneity as determined by synthetic boundnry oprvnd-
Ing, approach-to-equilibrium sedimentation, acid nedim,nntion
equilibrium distrihutioi in a density grndient. Its partini
specific volume (0.743 cv?/gm) and Infrnred spe'ctrrl nbnorption
were tyjical of simpli proteins. Vie moleculnr w.iPht by rti-cil-
mentation-diftusion vaa found to he 35,100 Anil witi Ill good' Ag.,
mant with results by the Archibald proce-dure. Tht-re Win stnhtilty
Inarsidimentati~in behavior over a wide pit range (5 LO 10) and~ aln
ohmerved tranaiz-fan to a more extended atructurni form rt pit 14.
A iAt hydration cf 0.075 gram of wnter per gram of protein: w'~i
s'v&ltvtod by extrapolation to zero sedimentation rnte- in nqieoti
8u1&rt.C:, a'd ?'aluos of 0.158 and 0.136 gram per grAM were obtneu'
. t: *umnii of enterotoxin density (1.78t(, gmr/cWi) A lid ol

vated mroiulr wgtght (40,100), respect iveily, In' btioviit ca'nI'iti
chloride e.4tion. Intrinsic viscosity And s.'hmt.'iriI "1-41 IIt.,jloll
data were combined to yield a value of 2.14 x U(f for the schoarg-
Mandalkern parameter 0. The latter in dincusmod In Li-rri: ot Itm
Implications ac to :he nature of the hydrodynnmic .'h'ntcroln
unit.
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I. INTRODUCTION

Staphylococcal enterotoxin B has been prepared in a highly purified
state by Schantz and co-workers,1 primarily by a column chromatographic
procedure.

This report deals with the results of an investigation of a number
of molecular parameters of the purified enterotoxin, including its homo-
geneity, molecular size, shape, and hydration, based principally on studies
of ultracentrifugal sedimentption, diffusion, buoyant behavior, and
viscosity.

II. MATERIALS AND METHODS

A. ENTEROTOXIN SAMPLES

Enterotoxin was purified in several batches from culturer of Staphylo-
coccus Oureus, After it was determined that the different batches were
Indistinguishable in biologtcal activity (the dose, ED0, to produce emesis
or diarrhea in rhesus monkeys was 0.1 to 0.3 microgram per kg of anit l
weight), sedimentation behavior, and other properties, these were pooled,
dialysed to eliminate nearly all salts, and lyophilized. For phy.ical
measurements, samples from this stock of dried material were dissolved in
appropriate aqueous buffers, which in most cases was 0.05 M potassium phos-
phate, pH 6.8. Solutions of enterotoxin were also Initially dialyzed
against the buffer being used as solvent vhen this was considered necessary,
such as in the synthetic boundary and approach-to-equilibrium sedimentation
procedures.

B. ULTRACENTRIFUGAL ANALYSIS

Most of the data vere obtained by ultracentrifugation, using a Model E
Spinco instrument equipped with a rotor temperature-indicating and -control
unit. Both the conventional 12-sin cell with four-degree sector and the
valve-type syntheitic boundary cell were used in sedimentation velocity experi-
ments. A valve-type synthetic boundary cell was also used in measuring
diffusion coefficients. In determining molecelar welght during the approach
to equillbrium by the method suggested by Archibald, the procedure follc.,ed
was essentially that proposed by Klainer and Kegeles.3 This required use of
both conventional and synthetic boundary cells. Finally, in determining
molecular weight and buoyant density by isopycnic sedimentation equilibrium,
a double-sector capillary-type synthetic boundary cell was used as suggested
by Vff t and Vnograd.'

, ,, P II 13IIL I I
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C. ADDITIONAL PHYSICAL STUDIES

Other physical studies included determination of partial specific volume
by pycnometry with & Lipkin graduated dual-limb pycnometer (Ace Glass Company),
measurement of intrinsic visc:osity with a calibrated Cannon.-Fenske capillary
viscometer, ard infrared spectral absorption in a Perkin-Elmer Model 21
spectrophotometer.

D. MEASUREMENTS AND CALCULATIONS

All of the ultracentrifugal analyses were carried out with schlieren
optics. Measurements of photograpbic plates were made either directly with
a comparator or from enlarged tracings. The analysis of sedimenting bound-
ariea to determine diffusion coefficients and polydispersity involved
measurement of the second moments of schlieren curves. The integrals re-
quired for these, as well as for the measurements of cm and cb in the Archi-
bald method, and of buoyant density by isopycnic sedimentation equilibrium,
were obtained by numerical integration using Gauss's mechanical quadrature
formula with the roote and weight coefficients determined by Lowan, Davids,
and Levenson.s This method requires about half the number of ordinate
measurements and calculations, for a particular degree of accuracy, As coM-
pared with the usual methods of numerical integration.

III. EXPERIMENTS

A. SEDIMENTATION VELOCITY

Through velocity ultractntrifugation alone, iL was possible to determine
a range of molecular properties of the enterotoxin in solution that included
heterogeneity, sedimentation and diffusion coefficients (which, together with
a partial specific volume measurement, yielded values for molecular weight
and frictioual ratio), particle stability with changing pH, and net particle
hydration in buoyant sucrose solution. Early experiments were carried out
in a conventlonal ultracentrifuge cell, but in all cases, the use of a valve-
type synthetic boundary cell was found to be advantageous. This procedure
shortened the duration of centrifuge runs and simplified subsequent calcula-tions.

Representative schlieren curves obtained in synte.ozic boundary runs with
solutions of enterotoxin in 0.03 M potassium phosphate buffer, pH 6.8, are
shown in Figure 1. The areas under the refractive gradient curves, which in
all cases revealed only a single, symmetrical sedimenting boundary, were
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found, after correction for radial dilution, to be independent of either

centrifugal field strength or time during cell traversal. Although this

indicated no apparent heterogeneity in the solutions of enterotoxin,

several more sensitive tests of homogeneity were also performed and will

be described subsequently.

Sedimentation coefficients, slo, were obtained from the movement of the

maximum ordinate in the schlieren curves and are listed in Table I for

several initial concentrations of enterotoxin. The concentration dependence

o w was low, for the measured value with a solution containing one gram
per 100 mill liters was less than seven per cent below the value 2.89 S

obtained by linear extrapolation to infinite dilution.

18000 rpm --- ,
161 32' 64'

C,

i 59780 rpm

16~ 32' 42'

*igure 1. Synthetic Boundary Sedimentation Diagrams of Staphylococcal Enterotoxin.

One tram per 100 al in 0.05 M phosphate buffer, pH 6.8, at two differ-nt
roto4 speeds. Time after reaching full speed is indicated below

diagrams. Temperature, 200C; schlieren angle, 80 degrees.
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TABLE I. SEDIMENTATION, DIFFUSION, AND MOLECUIAR WEIGHT
OF STAPhrrLOCOCCAI ENTEROTOXIN BY VELOCITY ULTRACENTRIFUGATION /

Sedimentation Diffusicn

Conc, S Conc, DwO ,  Molecular

gm/!00 ml 2 gm/lO0 ml (cm2/sec)x1O7  Weight

1.00 2.69 1.00 7.04 35,300S/

0.48 2.83 0,547 7.33

0.29 2.80 0.181 7.61

0.11 2.88 0 7.72b /

0 2.89L/

a. In 0.05 H phosphate buffer, pH 6.8, at 200 C.
b. By linear extrapolation.
c. Using the extrapolated values for swO and D 0 , and a rnoasured

value for V2 0 of 0.743.

The sedimentation velocity data we-.-e also analyzed for boundary spread-
ing as a further test of homogeneity. This was done according to the treat-

ment of Baldwin and Williams, in which the effects of concentration and
pressure or a are neglected, and the boundary spreading, expressed in terms
of the second moment or square of tha average deviation about the mean, C2
in the gradient sedimentation curves, is assumed to be caused by hetero-
geneity and diffusion, i.e.,

02 . (pwl2rt) 2 (1 + -) + 2Dt/l-w 2 st (I)

In tLia relation, W - angular velocity, r - distance of maximum ordinate
from the axis of rotation, t - time, and p and D &re polydispersity and
diffusion coefficients, respectively. For a homogeneous material, the first
tczum in Equation (I) drops out and a plot of C2 (l-w 2 st) against t should
be linear and should yield an apparent value for D (from one half the
slope). Figure 2 shows an application of this boundary spreading analysis
with data from a pair of synthetic boundary runs with solutions of entero-
toxin (1 gm/100 ml) at centrifugal fields of about 267,000g and 2 3 ,500g,
respectively. Both sets of data show a linearity in the plots of cl(l- St*
against t with least square slopes that are nearly equal and that yield

values for the apparent diffusion coafficient D10 of 6.97 x 10- 7 cm2 per

second and 7.04 x 10 "7 cm2 per second. Inasmuch as the apparent v-iks !oi r



D are nearly indcpendent of centrifugal field strength, it mny be concluded

that the boundary sharpening effects due to the .oncentration and pressure

dependence of a are negligible. These experiments, therefore, not only in-

dicate a high degree of enterotoxin homogeneity, but also yield apparent

values for D that should not be significantly different from true values.

I0

0

3 4

Figure 2. Analysis of Boundary Spreading for Staphylococcal Enter'toxin.

The rate of increase of the field-corrected second mocrent,
a2 (l-o2 gt), is plotted from data obtained in synthetic
boundary experimenta with solutions containing one gram
enterotoxin per 100 ml at centrifugal fields about
267,000g (0) and 23,500g (@), respectively.

Values for D O, calculated as outlined above from the rate of increase

of the second !o,"ent about the mean in the gradient curves from synthetic

boundary experiments at 18,000 rpm with solutions of enterotoxin at different

initial concentrations, are 'isted in Table I. These extrapolate linearly

to a value of 7.72 x 10-7 cm" per second at zero concentration. A measure-

ment of the partial specifi7 volume V20 of enterotoxin in water, using a

25-mi pycnometer, yielded a vclue of 0.743. The molecular weight of the

enterotoxin, as determined by ctm-ining V 2 0 with so and Dw0 at infinite

dilution in th Svedberg equation, is 35,300. These &ILa also yield a value

of 1.264 for the frictional ratio, f/fo.
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The results of a study of the effect of solvent pH on the sedimettion
behavior of the ecaterotoxin are given in Table II. Over the pH range 5 to

10, the gradient curves were indirtinguishable fromn those shown in Figur I

and showed* no signifiLvnt change !~n 10. At pH 3.8 however, both the
botindary spreading (and hence diffiion) rate and s were considerably re-
duced, indicating a structural transiLlon to a more solvated or more extended
molecular configuration ViLh no apparent change in molecular weight.

TABLE II. VARA71ON OF SEDIMENTATION
COEFFICIENT WITH pH STAPHYLOCOCCAL

ENTEROTOXIN, ONE GRAM PER ONE HUND~RED
MILLILITERS, IN 0.1 IONIC STRENGTH YtLFFERS

w
S 2 0

Buffmr pH s

Carbonate 10.0 2.74
Borate 8.6 2.76
Phosphate 6.8 2.69
Acetate 5.0 2.71
Acetate 3.8 2.34

B. APPROACH TO EQUILIBRIUM

This procedure, wherein the ultracentrifuge is employed "as a corputing
machine to solve Its own equation'll was used for direct measurements of the
molecular weight of enterotoxin. Experiments were carried out at initial
enterotoxin concentrations of 1.0 and 0.5 gram per 100 ml in 0.03 M phos-
phate buffer, pH 6.8, at 2n*C and a rotor speed of 18,000 rpm. Values of
the molecular iuoight at the meniscus, M., and at the bottom, Mb, of the cell
were calculated from measurements of the schlieren curves (Figure 3) record- d
at vtrious time intervals and are listed in Table III.

* A comparison of the various values of molecular weight provides a furthe~r
teat for the homogeneity of the enterotoxin. Nei.ther the com~parison of
with Mb values, nor the variation of either of these with time, provides A' Y
evidence of polydispersity, in agreement with the conclusions from velocity
sedituentation analyses. While a higher internal precision would have been

*desirable, the privailing trend in the values for apparent molecular weight
may be partially explained on the basis of concentration dependence. The
average (35,100) of the values obtained at an initial concentrition of 0.1

g ram per 100 ml lo in good agreement with that determined by seim'rntitiL'i
velocity - diffusion measurement (35,300).



TABLE III. MOLECULAR WEICHT OF STAPHYOCOCZAL

ENTEROTOXIN BY ARCHIBALD METHOD

Conc, -' Time,b / Mm Mb H
gram/100 ml min av8

1.0 20 33,800 32,400

52 33,600 33,700

100 35,000 33,100

33,600

0.5 16 33,700 32,600

32 35,700 34,900

64 36,300 37,200

35,100

a. In 0.05 M potassium phosphate buffer, pH 6.8 at
20C.

b. At rotor speed of 17,970 rpm.

C. BUOYANT BEHAVIOR OF ENTEROTOXIN IN THE ULTRAC NTRIFUCE

Both velocity and equilibrium ultracentrifugation were employed to
study the buoyant behavior of enterotoxin. These resulted in measurements
of the buoyant density, net hydration, and apparent solvated molecular

weight of the toxin particles and provided a further test of motccular
f homogeneity.

The velocity measurements were carried out with solutions of entero-
toxin (1 gm/100 ml) in 0.05 M phosphate buffer, pH 6.8, containing varying
amounts (0 to 40%) of sucrose. Use of a synthetic boundary cell preventedI, sucrose gradients from interfering with measurements of a of the entero-
toxin. A plot of 1 ra versus P, where I'r and p are the solvent viscosity
(relative to water) and solvent density, respectively, is shown in Figure 4.
The data follow a straight-line plot with high precision and extrapolate
to a value of 1.314 gram per cm3 for the co.positional buoyant density PO
or density at atmospheric pressure corresponding to zcro sedimentatior

rate.

' 1
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20' 52' I00,

Figure 3. Ultracentrifuge Schlieren Patterns, During the Approach to
Sedimentation Equilibrium, of Staphylococcal Enterotoxin.

One gram per 100 mt in 0.05 H phosphate buffer, pH 6.8, at 20eC.
Time after reaching full speed (18,000 rpm) is indicated below
each pattern. Schlieren diaphragm angle, 80 degrees.

3.0

2.0

1.0
a%

1.0 1.1 1.2 1.3 1.4

1.00

Figure 4. Sedimentation of Staphylococcal Enterotoxin as Function of
Solvent Density.

On, 8ram enterotoxin per 100 ml in 0.05 H potassium phosphate
buffpr, pH 6.8, containing varying amounts of sucrose.
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In the equilibrium study, enterotoxin waa banded in a cesium chloride
gradient formed centrifugally at 56,100 rpm and 20*C. The correct baseline
was determined by running the toxin-cesium chloride and reference cesitim
chloride solutions, respectively in the two channels of a dotible-sector
synthetic boundary cell. The refractive gradient curves of the toxin and
the reference solutions were simultaneously recorded with theschlieren
optical system. The comparatively low molecular weight of the enterotoxin
resulted in broad banding at equilibrium, and it was therefore important
that the initial cesium chloride concentration be carefully selected. In
this connection, an exploratory erperiment was carried out in which the
cesium chloride concentration used was based upon the previously determined
density (1.314 gm/cm3 ) of buoyant sucrose solution. This turned out to be
too higho but the experiment was useful in that it yielded an est'imate of
the concentration of isopycnic cesium chloride solution. Consequently, the
next run was performed with four milligrams per ml of enterotoxin dissolved
in 2.58 molal cesium chloride. The duration was 26 hours, but an analysis
of the schlieren photographs taken at successive time intervals showed that
equilibrium had been reached after 20 hours.

A typical, schlieren photograph of the enterotoxin at equilibrium in a
cesium chloride density gradient is showm in Figure 5. The biphasic refrac-
tive gradient curve representing the enterotoxin in cesium chloride is
superimposed on the simultaneously recorded baseline of the reference cesium
chloride solution. It is of interest that the enterotoxin band is barely
contained within the gradient column, which was calculated to have a com-
positional density range between 1.217 and 1.366 grams per cm3. Materials
of lower, molecular weight would require conditions that produce a steeper'
gradient, e.g., higher angular velocity or a denser salt.

The isopycnic radial distance r° was determined from the position of
the mode or intersection of the biphasic gradient curve with the reference
solution baseline. The index of refraction no. at r° was evaluated from
the initial reference solution refractive index no and the reference solu-
tion baseline by the relation

(ro rb rnO In no +_ r2a dr-rd 2
bo -- bn d(2)

rm b ri rm r d rm r

which is based on the assumption that the total contents of the cell are
independent of time.' In Equation (2), r. and rb "~e the radial distances
at the meniscus and bottom of the cell, respectively. Because of the
nearly central position of r0 on the gradient column, 0° was nearly equal
to no) and corresponded to a compositional buoyant density P of 1.286 grams
per cm3 .

F
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Figure 5. Equilibrium Distributicn of Staphylococcal Enterotoxin in a
Cesivu Chloride Gradlent at 20C.

Simultaneously recorded schlieren patterns for a solution
of four milligrams anteritoxin per al in 2.58 molal cesium
chloride and for a reference cesium chloride solution,
respectively. Recorded 25 hours after reaching full speed,
56,100 rpm, at schlieren angle of 70 degrees.

IsI

, to So 0o 51 teo '

Figure 6. Analysis of the Distribution of Enterotoxin in a Cesium Chloride
Density Gradient at Sedimnttntion Equilibrium in the Experiment
Illustrated in Figure 5.

The top and bottom halves of the distribution are represented by
0 and 0, respectively. For a Gaussian distribttion, 1he plot
shown is linear with slope inversely proport'onal to a
Distances from r° corresponding to a and 2a are noted by arrows

along the t1r.Lisa.
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The net or selective hydration, h, was c lculated from the reintlon-
h -(3)

in which Vw i the partial specific volume o. water. Values of 0.075 and
0.158 gram of water per gram of enterotoxin n buoyant sucrose and cesium
chloride, respectively, were thus obtained.

The equilibrium distribution" of enteroto:in on the gradient column was
determined from an enlacged tracing of the curves in Figure 5. Numerical
integration of the two lobes of the enterotoxin gradient curve and reference
solution baseline at various radial distunce in the cell yielded values of
K (n-n') where n and n' are the refractive indices of the enterotoxin solu-
tion and baseline solution, respectively, and K Is a machine constant depend-
ing on magnific4tion factors and other optical parameters of the ultracentri-
Yuge. As shownl'n Figure 6, a plot of In K (n-n') against (r-ro)2 is linear
for both halves of the gradient curves, Indicating a Gaussian concentration
distribution for the enterotoxin, and therefore both density and molecular
weight homogeneity. However. the standard deviation a obtained from the
slope of the plot is somewhat higher at the top side (0.165 cm) of the band
than at the bottom side (0.156 cm). A skewness of this nature was also
obaerved for bovine serum mercaptalbumin by Ifft and Vinograd, who attri-
buted this behavior to the non-constancy of the density gradient.

In order to calculate the solvated molecular weight K3 of the banded
enterotoxin from the expression derived by Meselson, Stahl, and Vinograd,9

I.e.,,

M 9 a -. (4)
02(dP/dr) w2r°o

the only remaining quantities to be determined were POP the physical buoyant
density, and (dP/dr)*, the density gradient at r° . A simple correction4 for
the compressibil ty of the cesium chloride solution, at the pressure at r0
in the rotating liquid column, was used to derive PO from PO. Schlieren and
refractive Index ,-,esurements led to a value for (dP/dr)°, making use of the
relation

df .~ dn dP (dr dr dn (

Using an average of the values of a for the top and bottom sides of the
banded macromolecules, an apparent molecular weight of 40, 10 is obtained
for the solvated enterotoxin in buoyant cesium chloride. Table IV
summarizes the equilibrium data. I"

II
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TABLE IV. RESULTS OF EQUILIBRIUM DENSIT4 GRADIENT
EXPERIMENT WITH 4 mg/ml ENTEROTOX'IN

IN CsCl SOLUTION AT 20*C

0 -3

PO) gram cm, 1.286

P , gram cm"3  1.293

(dp/dr)°, gram cm"4  0.133

otop., cm 0.165

Obot, cm 0.156

h. gram/gr protein 0.158

Ms 40,100

D. OTHER MEASUREMENTS

All of the dataI obtained in the course of purifying the enterotoxin
indicated it to be a simple protein. The metAsurement for V20 (0.743) also
supports this conclusion. An additional analysis was carried out by infrared
spectrophotometry with a dried film of enterotoxin formed from a water solu-
tion on a ]RS-5 disk. The spectral curve (Figure 7) contained the charac-
teristic polypeptide absorption bands anO closely approximated the curve for
bovine serum albumin. Moreover, there vas no indication of a band in the
9- to 10-micron interval such as was obearved by Levi, Matheson, and
Thatcher o with crude extracts, and which they associated with both entero-
toxic activity and the pkesence of a phospholipid moiety.

Measurements of reduced viscosity were made at 20C in 0.05 M phosphate,
pH 6.8, over the concentration range 0.3 to 1.7 grams per 100 ml. These
y.'ilded a value of 0.0392 ',don/100 ml)'l for the intrinsic viscosity ('1.
By coupling this result with the previously obtained values for so, 720,
and M (2.89 8, 0.743, and 3ij300p respectively) according to the treatment
of Scheraga and Handelkern, a value of 2.14 x 106 is obtained for 13, a
parameter related to the axial ratio of the effective hydrodynamic
ellipsoid.

Si
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Figure 7. Infrared Absorption Spectra of Staphylococcal Enterotoxin
and Bovine Serum Albumin.

The curve for albumin was "lowered" by a distance corres-
ponin to 20 per ceat transmission to facilitate comparisnon.

This value for P. by Itself, does not rule out oblate ellipsoids of any
axial ratios but those with axial ratios higher than 5 appear to bear little
resemblance to the aedimenting unit inasmuch as they would have effective
hydrodynamic volumes V.lower than that derived from the partialaspecific
volume, a condition that Is contradicted by the measurements of buoyant
density. on the other hand, 0 Is a much more sensitive indicator of axial
ratio *for a prolate ellipsoid; the value for enterotoxin corresponds to
vmjor and minor axes of 92 A and 38 A, respectively, and 1.23 cm3 per gram

of protein forV.

V*..



IV. DISCUSSION

Several kinds of ultracentrifugal analyses, including velocity boundary
spreadin3, approach-to-equilibrium sedimentation, and equilibrium distribu-
tion in a salt gradient, support the conclusion that the purified staphylo-

coccal enterotoxinpossesses a high dugree of molecular homogeneity. The
data presented also show it to be a reasonably compact protein molecule
wiLh a molecular weight slightly above 35,000. In addition to its stability
over a wide pH range (from 5 to 10, at least) it has also been chscrved. to
be physically stable in solution for long periods of time at ambient tempera-
tures (about 200C). These characteristics of molecular homogeneity and
stability appear to make it a useful standard material in its size range
for physicochemical studies of proteins. The absence of dissociation over
a broad range of pH also supports existir' evidence from terminal residue
analysisI that the enterotoxin consists of a single polypeptide chain.

Using the data of Robinson and Stokes12 on osmotic coefficients at 25C,
the water activities of buoyant sucrose and cesium chloride solutions were
calculated to be 0.868 and 0.922, respectively. Although this difference
alone may account for the variance in the measured values of net hydration
(0.075 gm/gm in sucrose and 0.158 gm/gm in cesium chloride),, other factors
such as solute-solute interaotion cannot as yet be excluded. A value for
net hydration in cesium chloride (0.136 gm/gv1 can also be obtaincd from a
comparison of the solvated and anhydrous molecular weights (40,100 and 35,300,
respectively). It Is not surprising that this is lower than the figure
obtained from PS, for the value of (dP/dr) used in Equation (4) is too large,1

in that it neglects the change in the hydration of the protein through the
band and therefore leads to apparent values of Ms that are too smill.

It is of interest to speculate on the meaning of the difference between
the effective specific and partial specific volumes (1.23 and 0.743, respec-
tively), although no basis exists at this time for any definite cvnclusions.
One possibility is the Inclusion of solvent in the interior of a somewhat
swollen prot&in molecule. On the other hand, if the prolate ellipsoidal
model is a reasonable approximation of the hydrodynamic unit, the volume
difference may be due entirely to an outer shell of bound solvent 3.7 A (or
about a monomolecular layer) thick surrounding a tightly folded polypeptlde
chain. Other studies, such as low-angle X-ray scattering, may provide a
firmer basis for an attempt such as this to relate the values of V and Ve .

[i,



"4,

LTTERA'URE CITED

1. Schanta, E.J.; Roessler, W.C.; Wagman, J.; Spero, L.; Stefanye, D.;
Dunnery, D.A.; and Bergdoll, M.S. "The purification and characterization
of staphylococcal enterotoxin B," Army Science Conference, 1964.

2. Archibald, W.J. "A demonstration of some new methods of determining
molecular weights from the data of the ultracentrifuge," J. Phys. &
Colloid Chem. 51:1204-1214, 1947.

3. Klainer, S.M., and Kegeles, C. "Simultaneous determination of molecular
weights and sedimentation constants," J. Phys. Chem. 59:952-955, 1955.

4. Iffto J.B., and Vinograd, J. "The buoyant behavior of bovine serum
mercaptalbumin in salt solutions at equilibrium in the ultracentrifuge:
I. The protein concentration distribution by schlieren opL.cs and the
net hydration in CsCi solutions," J. Phys. Chem. 66:1990-1998, 1962.

5. Lowan, A.N.; Davids, N.; and Levenson, A. "Table of the zeros of the
Legendre polynomials of order 1-16 and the weight coefficients for
Cauds' mechanical quadrature formula," Bull. Am. Math. Soc. 48:739-743,
1942.

6. Baldwin, R.L., and Williams, J.W. "Boundary spreading in sedimentation
velocity experiments," J. Am. Chem. Soc. 72:4325, 1950.

7. Archibald, W.J. "Solutions of the genera'l differential equatio for the
ultracentrifuge," In: Williams, J.W., ed. "Ultracentrifugal analysis
in theory and experiment," Academic Press, New York, 1963.

8. Schachman, H.K. "Ultracentrifugation in biochemistry," Academic Press,
New York, 1959. pp. 186-187.

9. Meselson, H.; Stahl, F.W.; and Vinograd, J. "Equilibrium sedimentation
of macromoleculex in density gradients," Proc. Natl. Acad. Sci. 43:581-
588, 1957.

10. Levi, L.; Matheson, B.H.; and Thatcher, F.S. "Detection of staphylo-
coccus enterotoxin by Infrared spectrophotometry," Science 123:64-66,
1956.

11. Schersga, H.A., and Mandelkern, L.' onsideration of the hydrodynamic
properties of proteins," J. Am. Chem. Soc. 75:179-184, 1953.

AV

fr
r



20

12. Robinson, R.A., and Stokel, R.H. "Electrolyte solution&)" Btutterw~orths
Scientific Puhlitstionsa, London, 1955.

13. Hearst, J.E., and Vinograd, J. "A three component theory of sedimenta-
tion equilibrium in a density gradient," Proc. Natl. Acad. Sci. 47:999-
1004, 1961.


